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Huntington's Disease (HD) is a neurodegenerative disorder that results from the abnormal expansion of
poly-glutamine (polyQ) repeats in the Huntingtin (HTT) gene. Although HTT has been linked to a variety
of cellular events, it is still not clear what the physiological functions of the protein are. Because of its
critical role during mouse embryonic mouse development, we investigated the functions of Htt during
early Xenopus embryogenesis. We ﬁnd that reduction of Htt levels affects cilia polarity and function and
causes whole body paralysis. Moreover, Htt loss of function leads to abnormal development of trigeminal
and motor neurons. Interestingly, these phenotypes are partially rescued by either wild-type or ex-
panded HTT. These results show that the Htt activity is required for normal embryonic development, and
highlight the usefulness of the Xenopus system for investigating proteins involved in human diseases.
& 2015 Elsevier Inc. All rights reserved.1. Introduction
Huntington's disease (HD) is an autosomal dominant disorder
caused by the abnormal expansion of an amino-terminal poly-
glutamine (polyQ) tract in the human huntingtin protein (HTT) to
above 40 Qs (WT-HTT). HD is characterized by loss of speciﬁc
neuronal populations in the brain that leads to abnormal motor
coordination as well as cognitive and psychiatric symptoms in
patients. Although the disease-causing mutation in HTT has been
known for more than 20 years, it is still not clear how the polyQ
expansion in mutant HTT (polyQ-HTT) leads to HD. While it is
generally believed that N-terminal fragments of polyQ-HTT form
aggregates that cause cell toxicity and cell death (Cattaneo et al.,
2001; Cooper et al., 1998; Davies et al., 1997; DiFiglia et al., 1997;
Graham et al., 2006; Gutekunst et al., 1999; Hackam et al., 1998; Li
and Li, 2006; Li et al., 1999; Martindale et al., 1998; Schilling et al.,
1999; Trushina et al., 2004; Yu et al., 2003; Zhou et al., 2003) this
gain-of toxic-function hypothesis is still unproven (Ross and Tab-
rizi, 2011). In contrast to this hypothesis, polyQ-HTT has also been
proposed to act as a dominant negative, countering WT-HTT
function (Ross and Tabrizi, 2011). Consistently, conditional Htt
knockout in the mouse brain displays neurodegeneration (Dra-
gatsis et al., 2000).
Although HTT is evolutionarily conserved and is ubiquitouslyanlou).expressed in all cells, all the time, from the fertilized egg, its exact
function remains mostly unknown. Loss of WT-Htt function in the
mouse (Htt /) leads to embryonic lethality during gastrulation
(e7.0–e7.5), demonstrating that WT-Htt activity is required for
early embryonic development (Duyao et al., 1995; Nasir et al.,
1995; Woda et al., 2005; Zeitlin et al., 1995). In zebraﬁsh, reduction
of WT-htt function using morpholinos leads to small eye, enlarged
brain ventricle, increased cell death in the midbrain/hindbrain,
missing optic nerves and missing olfactory sensory neurons, sug-
gesting a possible involvement of WT-htt in neuronal morpho-
genesis (Diekmann et al., 2009; Henshall et al., 2009; Lo Sardo
et al., 2012; Lumsden et al., 2007).
The human HTT gene occupies a large genomic locus consisting
of 67 exons encoding a protein of 3142 amino-acids (Ambrose
et al., 1994; Huntington's Disease Collaborative Research Group,
1993). A growing body of evidence suggests that HTT is primarily
cytoplasmic, however some studies have also described the pro-
tein to localize to the nucleus (De Rooij et al., 1996; DiFiglia et al.,
1995; Dorsman et al., 1999; Hilditch-Maguire et al., 2000; Hoo-
geveen et al., 1993; Kegel et al., 2002; Sapp et al., 1997; Tao and
Tartakoff, 2001; Wilkinson et al., 1999), cell membrane (Kegel
et al., 2009, 2005, 2000; Sharp et al., 1995; Suopanki et al., 2006),
mitochondria (Choo et al., 2004; Gutekunst et al., 1998), and to be
associated with microtubules (Caviston et al., 2007; Colin et al.,
2008; Elias et al., 2014; Gauthier et al., 2004; Godin et al., 2010;
Harjes and Wanker, 2003; Keryer et al., 2011; Liu and Zeitlin, 2011;
Maiuri et al., 2013; Truant et al., 2006). HTT has been implicated in
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as a scaffold protein (Truant et al., 2006), vesicle trafﬁcking (Di-
Figlia et al., 1995; Metzler et al., 2001; Pardo et al., 2010; Qin et al.,
2004; Smith et al., 2009; Truant et al., 2006), determination of
spindle orientation (Elias et al., 2014; Godin et al., 2010), cell ad-
hesion (Lo Sardo et al., 2012), neuronal survival and neurogenesis
(Reiner et al., 1988; White et al., 1997), and transcriptional reg-
ulation (Gauthier et al., 2004; Keryer et al., 2011; Liu and Zeitlin,
2011; Maiuri et al., 2013). We have also previously demonstrated
that mouse Htt is required for mitochondrial integrity and cellular
metabolism in mouse embryonic stem cells (mESCs) (Ismailoglu
et al., 2014). Additionally, Htt has been shown to localize to the
centrosome and to be required for ciliogenesis in the mouse
(Keryer et al., 2011). The importance of HTT in regulating cilia is
consistent with the observation that a mouse model of HD as well
as HD patients have disorganized cilia layer in the wall of the
lateral ventricles (Keryer et al., 2011). However, the understanding
of the roles of HTT has been complicated by the lack of a simple
model system to study gain- and loss-of-function mutations.
In this manuscript, we describe the use of Xenopus laevis as an
experimental system to study the functions of Htt in vivo. Xenopus
offers numerous advantages over other in vivo model systems and
has been extensively utilized to answer basic developmental and
biological questions as well as to better understand the function of
genes linked to human diseases (Dubaissi and Papalopulu, 2011;
Jones, 2005; Kaltenbrun et al., 2011; Pratt and Khakhalin, 2013).
We use both gain-(WT-HTT and polyQ-HTT) as well as loss-of
function (using morpholinos) approaches to address the role of Htt
during early Xenopus development. We ﬁnd that loss of Htt causes
defective cilia formation, altered neuronal development, and
whole body paralysis. Interestingly, these phenotypes could simi-
larly be rescued by either WT-HTT or polyQ-HTT, suggesting that
the polyQ expansion does not affect these functions of HTT. Our
data supports a model in which Htt activity is required for normal
embryonic development, and highlights the advantage of using
the Xenopus system for modeling human diseases.2. Material and methods
2.1. Sequence alignment and analysis
The sequence of X. laevis htt cDNA was obtained from in-house
RNAseq analysis of stage 10.5 embryos (data not published), and
aligned to current X. laevis genome (XLaevis_JGIv7b) using the
Tuxedo suite. Protein sequence alignment across human, mouse
and X. laevis was generated using Clustal Omega tool 〈http://www.
ebi.ac.uk/Tools/msa/clustalo/〉.
2.2. RNA preparation, microinjections and Xenopus embryo culture
X. laevis microinjection and embryo culture were performed as
previously described (Hemmati-Brivanlou and Melton, 1994).
Synthetic RNA for microinjection was in vitro transcribed using
mMessage mMachine kit (Ambion), as previously described
(Casellas and Brivanlou, 1998).
2.3. Plasmid constructions and Morpholinos
For evaluation of cilia polarity, we tagged Xenopus Mig12 (a
speciﬁc marker of ciliary rootlets, IMAGE clone 5514552; GE
Healthcare Dharmacon Inc.) with EGFP.
For centriole detection, we used Centrin2-RFP (Addgene, ID:
26753).
To evaluate morpholino (MO) efﬁciency, we fused the Xenopus
Htt-MO target sequence to H2B-EGFP in pCS2þ .Human HTT-Q23 and HTT-Q145 clones were obtained from
CHDI (Cure Huntington Disease Initiative) and sub-cloned into
pCS2þ þ .
The sequence of htt and control Morpholinos (Gene Tools) are:
httMO: CCATATTCCTTCAGCGCATCCAAAC, httMO#2: GAAC-
GAGCCTATCACGGTGCAGCTC, and htt5MM; CCATAaTgCTTCAc
CGgATgCAAAC (lower cap letters represent mismatches of httMO).
Unless otherwise indicated, the morpholinos were injected at
50 ng per embryos. For the rescue experiments, 2 ng of synthetic
RNAs were co-injected with the morpholinos.
2.4. qPCR, Immunohistochemistry, imaging, and Western blot
RNAwas extracted by Trizol (Ambion) and cDNAwas prepared by
using Transcriptor First Strand cDNA synthesis kit (Roche). qPCRs
were run for 45 cycles, 55 °C annealing temperature using Light-
cycler 480 SYBR green Master Mix (Roche). Following primers were
used to detect htt transcript; xhttF-CACCGTGATAGGCTCGTTCC,
xhttR-gctttgggtgccggctcttc. Odc was used for internal control, odcF-
gccattgtgaagactctctccattc, odcR-ttcgggtgattccttgccac. Stage 26 em-
bryo was anesthetized by MS-222 (tricaine methanesulfonate; Sig-
ma-Aldrich), and dissected.
For detection of cilia, we co-injected synthetic RNAs encoding
Mig12-EGFP (20 pg/embryo) and Centrin2-RFP (80 pg/embryo) into
both cells of two-cell stage embryos (n¼16). Early injected tail-
buds along with controls (stage 27) were ﬁxed with MEMFA (0.1M
MOPS, pH 7.4, 2 mM EGTA, 1 mM MgSO4 and 3.7% formaldehyde)
for one hour at room temperature and washed three times with
PBS. Embryos were then stained with antibodies against acety-
lated-α-tubulin (T7451, Sigma, 1:100), followed by secondary an-
tibody: Alexa647-conjugated anti-mouse IgG (Invitrogen, 1:500).
Skin samples from stained embryos were peeled off and mounted
on a glass slide with ProLong Gold (Life Technologies). Images
were captured with a Zeiss LSM 510 confocal microscope using
100 objective. To measure cilia polarity, angles of 16 randomly
selected cilia from ﬁve randomly selected multi-ciliated cells
(MCCs) were measured using ImageJ. Data analysis was performed
using the CircStat MATLAB toolbox.
Whole-mount antibody staining was performed as described
(Hemmati-Brivanlou and Melton, 1994). Antibodies against
acetylated-α-tubulin (T7451, Sigma) were used at 1:100 dilutions.
Mab 12/101 (1:1) was used to detect somites, and Mab 3A10 (1:10)
to detect neurons (Developmental Studies Hybridoma Bank).
Secondary antibody was a donkey anti-mouse IgG coupled to
horseradish peroxidase (Jackson laboratories). Chromogenic de-
tection was performed using the VectorSG kit (Vector
Laboratories).
Anti HTT rabbit monoclonal antibodies (LS-BIO, used at 1:1000
dilution) and Mab anti-α-tubulin (Sigma, used at 1:2000) were
used for Western blot analysis.
2.5. Visualization and quantiﬁcation of ﬂuid ﬂow
Visualization of ﬂuid ﬂow generated by ciliated epidermal cells
was performed as previously described (Werner and Mitchell,
2013) using Polystyrene latex microsphere (42717, Alfa Aesar).
Time-lapse bead ﬂow movies were captured with a Leica IC80
microscope and quantiﬁed with ImageJ.
2.6. Touch response assay
A touch stimulus was applied with an eyebrow knife to the side
of the body of stage 36–39 embryos, as previously described
(Roberts et al., 2000). Embryo reaction to the touch stimulus was
video recorded and scored based on the response: embryos were
considered “inactive” if they twitched less than 10 consecutive
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2.7. Statistical analysis
Probability (p) was calculated by 1-tailed student's t-test. Bar
graphs show mean7SD. Box-plots were generated using R. In all
graphs, *po0.05, **po0.01, ***po0.001.3. Results
3.1. Mammalian and Xenopus Htt display sequence and expression
pattern similarities
Since no previous study had analyzed Xenopus Htt, we per-
formed RNA-seq analysis of gastrula embryos (stage 10) to as-
semble the htt full-length transcript sequence (Supplementary
Fig. 1A). The emergence of the Xenopus Genome Project (Xenbase)
conﬁrmed our ﬁndings. Sequence alignment of Xenopus, mouse
and human HTT showed that the protein is highly conserved
across species (79.2% identity to human; Supplementary Fig. 1B).
Like zebraﬁsh Htt (Karlovich et al., 1998) the length of the polyQ
repeat tract in Xenopus is 4 Qs, which is closer to that of mice (7
Qs) than humans (22–24 Qs). Moreover, the proline-rich sequence
at the N-terminus of mammalian HTT is missing in Xenopus. All
other protein motifs and post-translational modiﬁcation sites are
well conserved between the three species (Supplementary Fig. 1B).
We next established the spatio-temporal expression pattern of
htt in Xenopus embryos. Quantitative real-time RT-PCR (qPCR)
demonstrated that the htt transcript was present during early
Xenopus development. Similar to what observed in mammals, htt
is maternally expressed, and its expression is maintained through
the onset of zygotic transcription (stage 8; Fig. 1A) to then rapidly
increase at tailbud stage (stage 28, Fig. 1A). Western blotting of
Xenopus extracts from oocytes, stage 8, or stage 15 embryos con-
ﬁrmed the presence of the protein at all stages analyzed, sug-
gesting the presence of a large pool of maternal Htt (Fig. 1B).
Furthermore, preliminary whole mount in situ hybridization de-
monstrated that htt is ubiquitously expressed in all embryonic
cells (data not shown), and this was conﬁrmed by manual dis-
section of a tailbud-stage embryo. htt was expressed at similar
levels in all regions of the embryo (Fig. 1C). Thus, the temporal and
spatial expression of htt suggest a role for the protein during early
Xenopus embryogenesis.
3.2. Htt can be efﬁciently knocked down by morpholino and causes
developmental delay
As the null mutation of Htt results in embryonic death in the
mouse, we studied the effects of knocking down the Htt protein in
Xenopus early embryos. In order to accomplish that, we designed
speciﬁc translation-blocking antisense morpholinos against htt
(httMO#1, httMO#2) as well as against the htt sequence harboring
5 mismatch to use as negative control (htt5MM, Supplementary
Fig. 2). Between the two MOs, we found that httMO#1 was more
effective in inhibiting htt translation (hereafter referred to as
httMO).
To determine the effectiveness of httMO at binding the htt
transcript and blocking translation, we generated a reporter con-
struct with the 25 bases corresponding to the httMO-binding se-
quence at the 5′ region of the EGFP coding sequence (MO-EGFP).
Synthetic MO-EGFP RNA was injected in both cells of two-cell
stage embryos, either alone or co-injected with httMO or htt5MM.
GFP expression was measured on eleven of injected embryos at
gastrulation (stage 10.5). GFP ﬂuorescence was readily detected
from all htt5MM-injected embryos. However, none of the httMO-injected embryos displayed detectable EGFP expression (Fig. 2A).
Thus, the httMO can effectively abolish expression of its target and
validates its use for reduction-of-function in Xenopus embryos.
We next evaluated the efﬁciency of the morpholino at inter-
fering with the expression of the endogenous Htt protein. To do
this, httMO or htt5MM were injected into the animal hemisphere,
equatorial zone, and vegetal hemisphere of both blastomeres of
two-cell stage embryos (100 ng/embryo) and the residual Htt
protein levels were determined by Western blot. Htt was sig-
niﬁcantly reduced (490%) at stage 33 (Fig. 2B). The ability to ef-
ﬁciently knockdown Htt protein during Xenopus development
provides a platform to study the physiological functions of Htt at
tailbud and tadpole stages.
To evaluate the effect of Htt knockdown, we initially performed
cell linage analysis to understand whether reduction of Htt caused
toxicity and cell death, given that increased apoptosis has been
observed in Htt / mouse embryos (Zeitlin et al., 1995). httMO or
htt5MM were injected with synthetic RNA encoding beta-ga-
lactosidase (β-Gal), used as a lineage tracer, into the animal
hemisphere of both blastomeres of two-cell stage embryos, fol-
lowed by β-Gal staining. From the cell linage analysis, we could
not ﬁnd signiﬁcant differences in the number of β-Gal positive
cells between htt5MM (n¼16) and httMO (n¼18) injected em-
bryos, indicating that reduction of Htt levels via httMO does not
cause cell death. Notably, all httMO-injected embryos exhibited
shortened axis (stage 26, n¼8; stage 28, n¼7; Fig. 2C).
3.3. Htt is required for proper ciliogenesis
As HTT activity has been associated with abnormalities in cell
polarity (Godin et al., 2010; Lo Sardo et al., 2012), we investigated
this possible effect during tailbud stages by analyzing polarity
phenotypes. Thus, we investigated whether loss of Htt in Xenopus
resulted in any alterations to cilia. The epidermis of Xenopus em-
bryos is covered with multi-ciliated cells (MCCs) and has been
extensively used as an experimental tool for the study of cilia and
ciliogenesis. To understand the functional consequence of loss of
Htt in Xenopus, we ﬁrst assessed the directed ﬂuid ﬂow generated
by ciliated epithelia through displacement of micro-beads. In
control tadpoles, the polarized beating of cilia produced direc-
tional ﬂuid ﬂow (195715 μm/s; Fig. 3A and B and Supplementary
Movie 1). However, in tadpoles injected with httMO, the ﬂuid ﬂow
was dramatically reduced (25711 μm/s; Fig. 3A and B and Sup-
plementary Movie 1). The same phenotype was observed in
httMO#2 injected embryos. This effect was partially rescued by co-
injection of httMO with a morpholino-resistant wild-type human
HTT RNA (HTT-Q23, 2 ng/embryo, 87740 μm/s). Interestingly, the
effect was also partially rescued by injection of polyQ expanded
human HTT RNA (HTT-Q145, 2 ng/embryo, 102724 μm/s; Fig. 3A
and B), suggesting that the polyQ expansion does not affect htt
functions related to cilia. Together, these results indicate that htt is
required for proper cilia function in Xenopus.
The defective ciliary ﬂow phenotype observed in Htt mor-
phants could be caused by a variety of factors, including defects in
cell speciﬁcation/differentiation, migration of MCC precursors, cilia
biogenesis, or cilia polarization. To dissect the molecular functions
of Htt, we ﬁrst performed whole-mount immunostaining using an
antibody against acetylated-α-tubulin to speciﬁcally label the
ciliary axoneme and determine if Htt is necessary for cilia forma-
tion. We injected one cell of two-cell stage embryos with httMO
and perform immunostaining at stage 30 to determine the con-
sequences of reduction of Htt using the uninjected side as a con-
trol. We found that Htt knockdown led to a 13% reduction in the
number of puncta corresponding to acetylated-α-tubulin-positive
signal (n¼5; Fig. 4A and B). This effect was rescued by co-injection
of human HTT-Q23 or HTT-Q145 RNAs (Fig. 4B). This suggests that
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Xenopus epidermis.
The observation that Htt morphants have lower levels of
acetylated-α-tubulin could be attributed to a reduction in the
number of cilia per MCC, or to a failure of MCCs to intercalate in
the epidermis and instead remain stuck below the surface of the
epidermis. To distinguish between these two possibilities, we co-Fig. 1. Analysis of Xenopus huntingtin expression during early embryonic development. (A) qPCR analysis of htt temporal expression shows that htt is expressed at each stage
analyzed, and its levels dramatically increase at stage 28. odcwas used as an internal control. (B) Western blotting of Htt protein at different stages of development. α-Tubulin
is used as a loading control. (C) qPCR analysis of htt spatial expression. An embryo was dissected into four parts at stage 28 as depicted in the diagram, and total RNA was
extracted and used for qPCR. odc was used as an internal control.injected Par3-EGFP encoding synthetic mRNAs and either httMO
or the control htt5MM, and measured the percent of MCCs that
properly intercalated in the epidermis. We found that knockdown
of Htt leads to an increase in the number of failed MCCs (19.2% in
the httMO-injected embryos vs. 9% in the htt5MM-injected em-
bryos, Fig. 4C), thus supporting the idea that Htt is required for
MCC intercalation. Interestingly, we noticed that the MCCs that did
intercalate properly expressed lower levels of actin, as indicated by
phalloidin staining (Supplementary Fig. 3A), suggesting thatfailure of ciliogenesis might be due to miss-regulation of actin.
We next examined the effects of httMO on the cilia that did
form in Htt morphants. To generate the stereotypical directed
anterior–posterior ﬂow, MCC cilia need to assume a speciﬁc po-
larity that leads to their unidirectional orientation. To determine if
knockdown of Htt affects MCC cilia polarity, the basal body and the
striated rootlet were respectively labeled by co-injecting Centrin2-RFP and Mig12-GFP RNAs (Werner and Mitchell, 2012) (Fig. 4D)
and ﬂuorescence was recorded at stage 27. No signiﬁcant differ-
ences in the number of centrioles per surface area between
htt5MM- and httMO-injected embryos were observed (Supple-
mentary Fig. 3B). However, compared to the organized array-like
distribution of cilia in wild-type tadpoles, the cilia of Htt mor-
phants showed randomized distribution (htt5MM vs. httMO,
13.272.6 vs. 45.5710.1 circular standard deviation [CSD], n¼80;
Fig. 4D–F). This effect was partially rescued by co-injection of
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Fig. 2. Knockdown of Xenopus Htt can be efﬁciently achieved with antisense morpholino. (A) Brightﬁeld and GFP ﬂuorescent images of stage 10.5 embryos. Embryos were
injected at two-cell stage with Htt-GFP reporter RNA and httMO or htt5MM (control) to determine the efﬁciency of the httMO in blocking transcription. GFP ﬂuorescence was
detected from htt5MM-injected embryos but not from httMO-injected embryos, suggesting that the httMO is effective at silencing the htt reporter. (B) Western blot analysis
of endogenous Htt protein level. Three different embryos injected with htt5MM or httMO were harvested at stages 10.5, 19, and 33 and analyzed by Western blot for Htt
expression. Anti-α-tubulin was used as an internal control. Htt protein level was signiﬁcantly reduced at stage 33. Bottom panel provides the quantiﬁcation. (C) Cell linage
analysis of htt5MM or httMO injected embryos. Embryos were injected at two-cell stage with htt5MM or httMO together with β-Gal RNA as a linage tracer then ﬁxed and
stained at stage 28. There were no major differences in the distribution and number of β-Gal positive cells, suggesting that cell loss is not a major cause of the phenotypes
observed in the morphants. httMO-injected embryos displayed shortened axis and tail.
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(19.774.9 CSD, n¼80). In addition, to address if Htt activity is
sufﬁcient for cell polarity as reﬂected by ciliogenesis, we next
examined the effects of overexpression of human HTT on cilia in
Xenopus embryo. Overexpression of HTT synthetic RNA did not
lead to signiﬁcant changes in cilia polarity (Supplementary
Fig. 3C). Together, these results support the hypothesis that Htt is
required for the proper establishment of cilia polarity.
Next, we examined the structure of the cilia on the surface of
the embryonic skin by immunolabeling of the cilia with the
acetylated-α-tubulin antibody (Fig. 4G and H). httMO-injected
embryos displayed drastically reduced number and length of the
cilia (Fig. 4G and H, Supplementary Fig. 3D). Together, these data
indicate that ciliogenesis is severely compromised in Htt
morphants.
3.4. Htt is required for proper neurogenesis
During our httMO experiments, we landed on a surprising
discovery: the injected tadpole did not display escape swimming
behavior after tactile stimulation, which is one of the major neuro-
muscular responses of the Xenopus tadpole. We found that while
control htt5MM-injected embryos displayed normal escape be-
havior in response to tactile stimulation, the Htt morphants were
unresponsive (n¼21; Fig. 5A and Supplementary Movie 2). This
phenotype was rescued by co-injection of either human HTT-Q23
RNA or HTT-Q145 RNA (Fig. 5A and B). We also tested whether
gain-of-function of Htt had effects on the active escape swimmingbehavior of the tadpole, however we did not observe any changes
in response to stimulation in either HTT-Q23 or HTT-Q145-injected
embryos (data not shown).
The paralysis phenotype observed in Htt morphants could be
due to a variety of defects, including skeletal muscle and/or ner-
vous system abnormalities. To distinguish between these possi-
bilities, we carried out whole-mount immunostaining using tis-
sue-speciﬁc antibodies. Staining of skeletal muscles using a so-
mite-speciﬁc antibody (12/101) did not show differences in somite
structure between htt5MM (n¼5) and httMO (n¼5) tadpoles
(Fig. 6A). However, examination of nervous system by neuroﬁla-
ment staining (3A10) revealed profound differences. We injected
httMO in one cell of a two-cell embryo and again used the other
side as an internal control. In the httMO-injected side, neuroﬁla-
ment staining showed a drastic disorganization of the neuronal
ﬁbers (Fig. 6B and C), with bundles of motoneurons appearing
thinner, less fasciculated, and more disorganized compared to
controls (Fig. 6B). Additionally, the trigeminal nerve also displayed
severe phenotypes, with thin ﬁbers and absence of the mandibular
branch (Fig. 6C). Consistent with a role of Htt in cell polarity ob-
served with cilia, these defects can also be attributed to dis-
turbance in neuronal polarity during early development.4. Discussion
In this study, we provide evidences to demonstrate that Htt
activity is required for normal Xenopus embryonic development.
Fig. 3. Htt morphants display defects in cilia-mediated ﬂuid ﬂow production. (A) Visualization of ﬂuid ﬂow using micro-beads. Micro beads displacements by beating cilia
were visualized by long-exposure of captured movies. Embryos were injected at two-cell stage with httMO and/or human HTT RNA (HTT-Q23) or human mutant RNA (HTT-
Q145). A short exposure image of the control embryo is also shown. Beads' ﬂow is depicted as a line. The ﬂuid ﬂow was dramatically reduced in tadpoles injected with httMO
and partially rescued by co-injection of HTT-Q23 or HTT-Q145 RNAs. (B) Beads' ﬂow rate was measured for ﬁve embryos.
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body paralysis, and altered neuronal development. These pheno-
types are similarly rescued by either humanWT-HTT or polyQ-HTT
(Q145). These results demonstrate that Xenopus can be efﬁciently
used as a system to investigate the function of HTT and potentially
to model HD.
The defects in directed ﬂuid ﬂow observed in the Htt morphant
tadpoles could be due to a reduction in the overall number of cilia
on the skin surface as well as disordered, randomly oriented, and
shorter cilia in MCCs. These cells are speciﬁed from precursors that
migrate apically and intercalate into the outer epithelium before
giving rise to cilia. Establishment of an apical–basal polarity in
MCC precursors is a critical step in this process (Kim et al., 2012). It
is tempting to speculate that Htt might be involved in establishing
polarity, given that HTT forms complexes with PAR3 and aPKC
(Shirasaki et al., 2012), regulators of apical–basal polarity.
The observation of ciliation defects in Htt morphants mirrors
the observations from mouse studies where loss of Htt in striatal
cells led to a reduction in primary cilia formation (Keryer et al.,2011). It was proposed that HTT might play a role in trafﬁcking of
basal body components to the base of the cilia. The processes of
basal body docking to the apical surface have been extensively
studied in Xenopus MCCs, therefore Xenopus will be an optimal
system to further gaining insights into the physiological role of
HTT (Gomperts et al., 2004; Huang et al., 2003; Pan et al., 2007;
Park et al., 2008, 2006).
To establish the polarity of individual MCC cilia in Xenopus, a
ﬂow-mediated feedback loop is necessary in addition to PCP sig-
naling (Mitchell et al., 2009, 2007). Analysis of the polarity of cilia in
morphant’s skin transplanted into wild-type embryo might reveal
whether the ﬂuid ﬂow is necessary for correct cilia polarity in
morphant skin. Since the Htt morphants show reduced ciliary ﬂow,
this might contribute to the altered polarity observed. In fact, as loss
of cilia has no lethal phenotype (Ocbina et al., 2009), while the
Htt / mouse embryos die at gastrulation, it is tempting to speculate
that loss of cellular polarity, which is required for planar cell-polarity
mediated movements, is the basis of the Htt / lethal phenotype.
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Fig. 4. Htt is required for ciliogenesis in multiciliated cells (MCCs). (A) Representative images of acetylated-α-tubulin stained embryo. The uninjected control side and the
httMO-injected side of the same embryo are shown. Htt knockdown led to a reduction in the number of acetylated-α-tubulin-positive signal. β-Gal RNA was used as a linage
tracer. (B) Ratiometric analysis of data in (A) of the number of MCCs in the injected and uninjected sides of ﬁve embryos. The reduction in the number of MCCs was rescued
by co-injection of HTT-Q23 or HTT-Q145 RNAs. (C) Analysis of MCC intercalation in the epidermis of tailbud. The top panel shows examples of immunoﬂuorescence and the
bottom panel provides the quantiﬁcation. (D) Representative confocal images of MCCs from htt5MM and httMO injected embryos. To visualize developing cilia, the basal
body and the striated rootlet were respectively labeled by Centrin2-RFP and Mig12-GFP. The lower panels show higher magniﬁcation of the boxed areas in the upper panel.
Cilia polarity was signiﬁcantly altered in httMO-injected embryos. (E) Analysis of data in (D). The results are shown as circular plots of angles. (F) Analysis of data in (D). The
results are shown as circular standard deviations, means7S.D. The alterations in cilia polarity observed in the Htt knockdown embryos was rescued by co-injection of
HTTQ23 or HTTQ145 RNAs. (G) Representative images of acetylated-α-tubulin stained embryonic skin from htt5MM and httMO injected embryos. HttMO injected embryos
displayed reduced cilia growth. (H) Cilia on MCCs of htt5MM- and httMO-injected embryonic skin. Cilia were visualized by immunoﬂuorescence using acetylated-α-tubulin
antibody. Htt morphants show reduced cilia length and number of cilia.
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Fig. 5. Htt morphants are not responsive to tactile stimulation (A) Time series showing the escape swimming behavior by tactile stimulation of a Xenopus tadpole. Embryos
injected with htt5MM showed active swimming behavior while Htt morphant embryos were unresponsive to tactile stimulation. This phenotype was rescued by co-injection
of HTT-Q23 or HTT-Q145 RNAs. The time sequence in the ﬁgure spans 20 ms in htt5MM injected embryo and 640ms in the rest of the conditions. (B) Analysis of data in (A)
(n421 per condition). Embryos were scored as inactive if they did not display more than 10 consecutive movements in response to a single stimulation.
T. Haremaki et al. / Developmental Biology 408 (2015) 305–315312stimulation could be due to the observed aberrant neuronal de-
velopment. Htt has been shown to interact with microtubules,
molecular motors, and mitochondria (Caviston et al., 2007; Gau-
thier et al., 2004). These observations raise the intriguing possi-
bility that Htt is involved in the regulation of a trafﬁcking network
in neurons, where axonal trafﬁcking has been shown to be espe-
cially important for survival and establishment of proper connec-
tions (Reddy and Shirendeb, 2012).
In Htt morphant tadpoles, the mandibular branch of the tri-
geminal nerve fails to develop and innervate the cement gland.
While we have previously demonstrated that, in Xenopus, path-
ﬁnding of the mandibular branch of the trigeminal nerve is de-
pendent on follistatin (Honoré and Hemmati-Brivanlou, 1996) and
BDNF (Huang et al., 2007), we do not believe that this is the cause
of the defect as in some cases the nerve is not even present. In-
stead we propose that, as in the case with cilia, the defect is due toalteration in the polarity pathway. Indeed components of the po-
larity pathway have been previously shown in the mouse to be
important for the proper establishment of the axon and its growth
(Hengst et al., 2009; Shi et al., 2003).
Taken together, our present ﬁndings demonstrate that Xenopus
recapitulates some of the phenotypes in mammals, proving that
Xenopus is a useful model system for studying human HTT func-
tions during embryonic development.Acknowledgments
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